This paper presents a near real-time evaluation of earthquake hazard after the shallow M L 6.2 Hualien shock of depth 10.6 km occurred 2350 LT, 6 February 2018 at epicenter (24.10°N, 121.73°E). Since a large aftershock intends to bring up a new aftershock sequence, we develop a time-magnitude hazard function for the double aftershock sequences. Note that the double-sequence aftershock hazard model can be regarded as a generalization of the Reasenberg-Jones (RJ) model and hence is denoted by DSRJ. For a near real-time evaluation of the aftershock hazard in the golden window particularly for emergent rescue work, the DSRJ or RJ model is estimated based on early aftershock sequence and then the occurrence rate and number of the forthcoming aftershocks in 3 days after the Hualien main shock are forecasted. Results of a data analysis show that the DSRJ model is better than the RJ model on near real-time assessment of short-term aftershock hazard. This provides an evidence that the aftershocks occurred in a short time after the Hualien main shock may not be a single aftershock sequence.
INTRODUCTION
Moderate to large aftershocks followed by a shallow large main shock may bring a significant hazard to the area with weakened structures. To help decision makers to determine a low-risk emergent rescue work or an optimal treatment of damaged structures, the information about the near real-time hazard of such aftershocks is usually of highly demand. Therefore, it is of great importance to evaluate the hazard of forthcoming aftershocks in a short time after the drastic main shock. In the study of aftershock hazard, the Omori-Utsu law (Omori 1894; Utsu 1961; Utsu et al. 1995) reasonably states the time-decaying occurrence rate of one single aftershock sequence. Moreover, the Gutenberg-Richter law (Gutenberg and Richter 1944) is traditionally used to describe the frequency-magnitude of earthquakes in an area. Therefore, Jones (1989, 1994) combined the G-R and Omori-Utsu laws to obtain the RJ model for describing the occurrence rate of aftershocks with magnitude larger than m. Note that the RJ model has been widely applied to evaluate the aftershock hazard in California (Wiemer et al. 2002; Gerstenberger et al. 2005 Gerstenberger et al. , 2007 and Japan (Omi et al. 2013) .
Nevertheless, the aftershock activity may not be best described by the Omori-Utsu law, especially when aftershocks trigger interactively. Hence, Ogata (1988) proposed the epidemic-type aftershock sequence (ETAS) model in which the aftershock hazard is expressed as a weighted sum of Omori-Utsu models shifted in time. Note that the estimation of the ETAS model is time-consuming. Therefore, to have a fast and efficient near real-time assessment of aftershock hazard, a detailed investigation of the early aftershock sequence along with an easy computed yet appropriate aftershock hazard model are necessary.
Although the Omori-Utsu law or the RJ model can be easily used to evaluate the hazard of one single aftershock sequence, it occurs often that large aftershocks after the main shock may bring up a secondary aftershock sequence and hence the occurrence rate of aftershocks increases dramatically. This feature motivates the development of a double-sequence aftershock hazard model in this paper so that an evaluation of the short-term aftershock hazard after the main shock can be evaluated more efficiently. In the proposed aftershock hazard model, the decaying occurrence rate of each sequence follows the Omori-Utsu law and the Gutenberg-Richter law describes the magnitude distribution of aftershocks. Hence, the proposed aftershock hazard model can be regarded as a generalization of the RJ model to the double aftershock sequences.
Note that the M L 6.2 Hualien main shock, a shallow earthquake of depth 10.6 km on 6 February 2018, caused collapse of four buildings and hence many deaths and injuries. After the main shock, felt aftershocks kept occurring while the emergent rescue work was ongoing. A fast and efficient evaluation of aftershock hazard is then particularly needed at that moment. Therefore, in this paper, we implement a near real-time forecast of forthcoming aftershocks based on earthquake data available after the M L 6.2 Hualien main shock. In the remainder of the paper, the RJ model is reviewed, the double-sequence aftershock model is proposed, and the Bayesian Information Criterion (Schwarz 1978) or BIC for model selection is introduced in section 2. Results of an analysis of earthquakes after the Hualien main shock are presented in section 3. Finally, in section 4, we give a discussion of strengths and limitations of the model-based evaluation of aftershock hazard together with conclusions for the research work.
MODELS AND METHODOLOGY

Reasenberg-Jones Model
The frequency-magnitude distribution of earthquakes in the Gutenberg-Richter (Gutenberg and Richter 1944) 
where N(m) is the number of earthquakes with magnitude M greater than m, denoted by M > m, a is a constant related to the activity, b measures the ratio of small to large earthquakes and areas of large slip release may correlated with high bvalue (Wiemer and Katsumata 1999) , and M c is the cut-off magnitude for a complete earthquake catalogue. In general, the magnitude of earthquakes is distributed according to an exponential distribution left-truncated at M c . The probability of observing an M > m earthquake is then given by
where
Note that the maximum likelihood estimate (MLE) of the parameter b and its standard error can be obtained from Aki (1965) . Hence, the MLE of b along with its standard error can be solved accordingly.
This paper considers the simplified Omori-Utsu law (Utsu et al. 1995) states the time-decaying occurrence rate of a single aftershock sequence as
where t is the elapsed time after the main shock, the constant a reflects the activity of aftershocks under study, c is the time delay designed to avoid the divergence of the rate when t approaches to zero, and the power exponent p measures the decaying rate of aftershocks. Note that the pvalue may relate to the temperature of the aftershock zone (Kisslinger and Jones 1991) . Moreover, the c value reflects the systematic behaviour of early aftershocks (Nanjo et al. 2007 ) and depends on the faulting style and hence governed by the state of stress (Narteau et al. 2009 ). Therefore, the number of aftershocks under study occurring in the time range (T 1 , T 2 ), 0 < T 1 < T 2 , can be expressed as
where 
Basically, the MLEs of the related parameters can be solved by maximizing the likelihood function in Ogata (1983) . Therefore, the Omori-Utsu model can be estimated based on available data of aftershocks and the occurrence rate in Eq. (3) or number of aftershocks in Eq. (4) can then be forecasted based on the estimated Omori-Utsu model. Assuming that the magnitude and occurrence time of aftershocks are independent, the RJ model Jones 1989, 1994) describes the occurrence rate of M > m aftershocks with magnitude m or lager as
where S(m) and ( ) t 1 m are given in Eqs. (2) and (3), respectively. Hence, the number of M > m aftershocks occurring in the time range (T 1 , T 2 ), 0 < T 1 < T 2 , can be evaluated as
Note that the MLEs of the parameters involved in the RJ model can be estimated separately in Eqs. (2) and (3). Therefore, the occurrence rate and the number of aftershocks in Eqs. (6) and (7), respectively, can be forecasted accordingly.
Double-Sequence Aftershock Hazard Model
An aftershock of large magnitude may trigger a secondary aftershock sequence, a generalization of the Omori-Utsu law to the double aftershock sequences is then considered and the occurrence rate of aftershocks can be written as
is, again, the number of aftershocks per day at day t after the main shock, 1 a and 2 a depends on the number of aftershocks in sequences 1 and 2, respectively, values of c and p as described in the Omori-Utsu law, and t c is the change point or occurrence time of the large aftershock that triggers a secondary aftershock sequence. Note that both the c and p values in the Omori-Utsu model are related to the heterogeneity of the aftershock zone. Moreover, the two sequences of aftershocks under study mainly occur in the same study region during a short time after the main shock. Therefore, in addition to the model parsimony, it would be reasonable to set the same c and p values in the two sequences of aftershocks. The number of M > m aftershock then obtained as
where ( ) t 2 m is given in Eq. (8) and S(m) is, again, as stated in Eq. (2). In fact, Eq. (9) is a combination of the generalized Omori-Utsu model and Gutenberg-Richter law. Therefore, the model in Eq. (9) can be regarded as a generalization of the RJ model to double aftershock sequences and hence denoted by DSRJ model.
When observing the aftershocks with magnitude m i occurring at time t i , i = 1, 2, …, n, after the main shock, the likelihood function of parameter ( , , , , ) c p
The associated log-likelihood function is then obtained as 
Therefore, the number of M > m aftershocks occurring in the time range (T 1 , T 2 ), 0 < T 1 < T 2 , can be estimated or forecasted as Note that all the parameters in the DSRJ model can be estimated based on available data, but the possible change point t c needs to be predetermined. To do so, we may check if there is any large aftershock that triggers a secondary aftershock sequence. Moreover, the Bayesian Information Criterion or BIC (Schwarz 1978) can be used to choose the change point for the DSRJ model. Let ( ) L i t be the estimated likelihood function of v parameters based on n events. Then, 
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where ( ) t 3 m is the number of aftershocks per day at day t after the main shock, 1 a , 2 a , and 3 a depend on the numbers of aftershocks in sequences 1, 2 and 3, respectively, values of c and p are as described in the original Omori-Utsu law, t c1 and t c2 are change points or occurrence times of the large aftershocks that trigger secondary and tertiary aftershock sequences, respectively. Parameters in Eq. (14) can be estimated by using the maximum likelihood method and the number of M > m aftershocks occurring in the time range (T 1 , T 2 ), 0 < T 1 < T 2 , can be estimated accordingly.
RESULTS
The M L 6.2 earthquake with epicentre (24.10°N, 121.73°E) and hypocentre at depth 10.6 km occurred at 2350 LT, 6 February 2018 near Hualien, Taiwan (Chen et al. 2019 ). To have a reliable analysis of the aftershock hazard after the Hualien shock, we employ the earthquake catalogue published by the Central Weather Bureau (CWB) at http://gdms.cwb.gov.tw/index.php. According to the results in Kagan (2002) , the possible expanding area of earthquakes after the Hualien shock is about 25 [= 0.02 × 10 0.5(6.2) ] km. To have a more extensive study for the aftershock hazard, particularly, in the golden window for emergent rescue work, however, we consider herein the aftershocks occurred within 3 days after the Hualien shock and in the area within a radius of 30 km from the main shock epicentre (Fig. 1) . The associated magnitude-time plot for the earthquakes is then given in Fig. 2 . Note that both the cumulative number of M > m earthquakes (Fig. 3) and the goodness-of-fit measure (Wiemer and Wyss 2000) suggest that the cut-off magnitude for a complete earthquake catalogue is M c = 3.0. Therefore, under study in this paper are the M ≥ 3.0 aftershocks occurred within 3 days after the Hualien shock and within the dashed circle in Fig. 1 .
Based on the aftershocks under study, we compute the b-values sequentially for each set of 50 events (Fig. 4) . We also calculate the occurrence rate per day based on consecutive 10 events and estimate the Omori-Utsu law based on all the M ≥ 3.0 aftershocks under study (Fig. 5 ). An investigation of the results in Figs. 4 and 5, simultaneously, reveals that the time-varying b-values have two dropdowns in the aftershock sequence at which the occurrence rates of aftershocks have unusual risings. These observations indicate that two possible large aftershocks may change the aftershock hazard where one is the M L = 5.4 aftershock occurred on 0315 LT, 7 February 2018 at (24.01°N, 121.73°E) and the other is the M L = 5.8 aftershock occurred on 2321 LT, 7 February 2018 at (24.08°N, 121.78°E), and the two aftershocks are all shallow at depths of 5.6 and 7.8 km, respectively. Since both the aftershocks bring up an increase in the occurrence rate of M ≥ 3.0 aftershocks, we employ the DSRJ model in Eq. (9) with possible change point at local time 0315 or 2321, 7 February 2018 to describe the aftershock hazard. Note that the associated DSRJ models are denoted by DSRJ(3) and DSRJ (24), respectively, since the two possible change points are about 3 and 24 hrs after the main shock. After choosing the change point and hence the model with BIC values, the occurrence rate of forthcoming aftershocks within three days after the Hualien shock is forecasted.
Let T be the time (in day) from the occurrence of main shock at which the hazard of M ≥ 3.0 or M ≥ 4.0 aftershocks is under forecast. To do so, the RJ, DSRJ(3) and DSRJ(24) Fig. 1 . Earthquakes occurred within 3 days after the 2018 February 6 M L 6.2 Hualien shock. The red star locates the epicenter of the Hualien shock at (24.10°N, 121.73°E) and earthquakes under study are in the dashed circle with radius of 32 km centred at the epicenter. Table 1 , suggest that the DSRJ(3) model is more appropriate for describing the available data than the RJ or DSRJ(24) model. Therefore, we denote the DSRJ(3) by DSRJ, hereafter, and the estimated parameters of RJ and DSRJ models are presented in Table 2 , respectively. The estimated RJ and DSRJ models are then used to forecast the occurrence rate of M ≥ 3.0 or M ≥ 4.0 aftershocks at any time from T to 3 days after the main shock (Figs. 6 and 7) . The numbers of forthcoming M ≥ 3.0 or M ≥ 4.0 aftershocks in the future 3-T days or 72-24T hrs are further forecasted based on the estimated DSRJ or RJ model (Fig. 8) . The time T under study is 6, 12, 24, 30, 36 or 48 hrs after the main shock as shown in Fig. 8 , and the results for evaluating aftershock hazard at T = 6, 12, 24, and 36 hrs after the main shock are presented in Figs. 6 and 7.
DISCUSSION AND CONCLUSION
The double-sequence model or DSRJ model is constructed to describe the hazard of aftershock of Hualien event. The results of data analysis confirm that the DSRJ model with a change point at 0315 LT, 7 February 2018, where an aftershock of M L = 5.4 may change the seismicity rate and the magnitude distribution, outperforms the widely used single-sequence RJ model Jones 1989, 1994) on near real-time assessment of aftershock hazard. In fact, we not only present the results of a retrospective study for the Hualien main shock, but also suggest the Bayesian Information Criterion (BIC) to select an optimal model or determine an appropriate change point in the DSRJ model for a better forecast of occurrence rates or number of forthcoming aftershocks. Therefore, the DSRJ model along with the statistical methods would be helpful for aftershock hazard assessment in any situation where appeared with a secondary aftershock sequence.
As a matter of fact, the double-sequence aftershock hazard model with one change point can be extended to a multiple-sequence aftershock hazard model with more than one change point if there are several aftershock sequences possibly triggered by large aftershocks. For example, after the Hualien main shock, there are two possible change points at 0315 and 2321 LT, respectively, 7 February 2018. Taking both the change points into account to build the triple-sequence model, denoted by TSRJ, we estimate the TSRJ model based on M ≥ 3.0 aftershocks after the main shock. The estimated TSRJ models then give BIC values as -1031.7 and -1023.5 based on data available at 24 and 36 hrs, respectively. Note that the BIC values, comparing with those in Table 1 , do not support the TSRJ model for describing the aftershock hazard. Moreover, the results in Fig. 9 demonstrate that the TSRJ may not give more accurate forecast of the occurrence rates of future M ≥ 3.0 aftershocks than the DSRJ model, especially at 24 hrs or one day after the main shock. Therefore, multiple-sequence aftershock hazard models may not perform better than the proposed DSRJ model on assessing the aftershock hazard of the Hualien main shock.
Note that a M L 5.8 earthquake occurred at 2156 LT, 4 February 2018, triggered an aftershock sequence in the study region (Fig. 1) . To describe the hazard of earthquakes after the M L 5.8 earthquake, we consider a double-sequence model with a change point at the occurrence time of the M L 6.2 main shock, denoted by FDSRJ. If two change points at local time 2350 on 6 February and 0315 on 7 February 2018, are both under study, then it leads to a triple-sequence model, denoted by FTSRJ. The results in Fig. 10 show that the FDSRJ and FTSRJ are competitive to the DSRJ when forecasting the occurrence rates of M ≥ 3.0 aftershocks at 6 hrs after the M L 6.2 main shock. However, the FDSRJ or FTSRJ may not perform better than the proposed DSRJ model when forecasting at 12 hrs or later after the main shock. These observations indicate that incorporating the aftershock sequence about 2 days before the M L 6.2 main shock into the DSRJ or TSRJ model may not help the assessment of aftershock hazard after the main shock. Therefore, how to effectively use previous earthquake sequences to evaluate the current aftershock hazard would be an important problem for further study. When previous earthquakes in the study area are incorporated into the current aftershocks to estimate the Gutenberg-Richter law (Gutenberg and Richter 1944) , the resulted b-value would be larger than that computed from only the current aftershocks. Finally, the DSRJ model is not an over-simplified ETAS model (Ogata 1988) . In the ETAS model, any aftershocks are triggered by all the previous aftershocks and hence the computation of parameters is very time-consuming, although there are only three parameters. On the contrary, the DSRJ model have four parameters and is built by choosing a change point at which one large aftershock has the greatest influence on the occurrence of later ones. Therefore, an application of the DSRJ model and the BIC gives a more flexible model for the data and produces more quickly the forecasted results for assessing the aftershock hazard. The advantage on using the DSRJ model is time management, which is of great importance, particularly when the information of aftershock hazard is of urgent need for emergent rescue in the golden window after the large main shock.
